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ABSTRACT

Crystals of alloys of GaP with ZnSe have been grown with ZnSe
contéhts up to 8 mol percent. Study of the transport properties of n-type
samples of such alloys showed a hopping contribution to the conductivity
at low temperatures, and the dominance of ionized impurity scéttering
above about 150 K. The eleétron mobility decreased with increasing
ZnSe content. The hopping mechanism was found té have an activation
energy at low temperatures of about 4 meV, for all of the alloys
studied. Cathodoluminescent studies of the alloys showed no signs of
Zn-Se donor-acceptor pair recombination. Diodes fabricated from the
alloy "material (by the diffusion of Zn as an acceptor impﬁrity) showed
électroluminescence at roém temperature (and below), although weaker than
that found from GaP diodes by as much as two orders of magnitude. For
the more heavily alloyed diodes, line spectra were not seen near the band
edge; .in the reverse bias direction, the emission did tail out to higher
energies than seen in the pure GaP diodes. Indentifiable pair-recombination
emission in the alloy.diodes showed a slight decrease in energy with
alloying, from 1.95 to 1.91 eV on going to 5% ZnSe, for what was tenta-
tively identified as a Si-Si pair recombination or a Si-S pair recombina-
tion line, in pure GaP. The line may involve Se in the alloys, and the
-shift may be in part chemical. Success in the growth of single crystals
.of this quaternavry alloy system should allow further study of the alloy

optical properties, at greater alloying concentrations.



I. Introduction

Very little has been known of the optical and electrical properties
of alloys of III-V with II-VI compounds. Recent investigations™ ~ have
shown that several compounds do form alloys over the whole range of

composition, namely, GaP-ZnSez, GaAs-ZnSeQ’u, and GaP—ZnSZ’5

a£d the
dependence of the energy gap upon composition has been determined for

the above three systems at room temperature. ‘Thé property of a continuously
variable energy gap should permit control of the spectra of radiation-
emitting diodes. The absorption méasurements2 showed possible evidence

for a transition from indirect to direct recombination in the GaP-ZnSe
alloys systems; direct recombination is expected to be an important
céndition for highly effiéient radiation recombination to take place.

These direct band-gap materials may satisfy the need for high efficient

and visible light-emitting diodes, if it is also possible to make p-n

junctions of low resistance.

Of three alloys system the system GaP-ZnSe was chosen as the first
to investigéte because of large band-gaps in the range 2.15-2.6 eV (at
room temperature) and the known luminescent properties of GaPG, which is
the most promising visible light—eﬁitting diode material. More information

is also available on the electrical properties of that system7.

Thus this research is aimed at producing good quality crystals of
these compound alloys, studying the dependence on composition of the
luminescent and electrical properties, using the materials to make
junetion devices, and studying their electroluminescence. Crystals of
GaP andvalloys in the range up to 8 mol per cent ZnSe hgve been grown;

their electrical, cathodoluminescent and electroluminescent properties are

presented in this report.



II. Growth of Crystals

Crystals of the system GaP-ZnSe and GaP were grown by either of
two techniques, i.e., chemical tr'ansport8 using iodine as the transport

agent, or crystallization from a gallium melt.9
A. Solution Growth of GaP and GaP-ZnSe

Platelet type crystals of GaP and GaP-ZnSe in sizes up to
2 x 3 x ,5mm thick have been grown in a solution of liquid gallium.

The technique used to prepare and grow these crystals is as follows:

A 10 gram slug of 99.999% pure gallium (obtained from Alussisse
Metal Inc.j is placed in a 9 mm I.D. quartz tube. The tube was cleaned
with 20% solution of HF, rinsed with distilled water, and torch-dried
under vacuum. The loaded tube is then outgassed at 5 x 10-° torr..

To ensure maximum outgassing, the gallium is torch-heated to a cherry
red color. The tube is then allowed to cool; the vacuum is broken;

and the charge material is added in pulQerized form. (It was found that
the best crystals grew when a ratio of 10 grams of gallium tb 0.7 grams
of charge material was used.) The sample is then returned to the

vacuum system for final evacuation and sealed. A Harper furnace is

used to heat the capsule to 1200°Q. After allowing an equilibrium
period of three hours, the'sample is then cooled to 800°C at a rate of
5°C per hour. Crystals are removed when cool and boiled in a 20% HCl
solution to remove any remaining gallium. The GaP used in these experi-
ments was obtained from the Monsanto Chemical Co., and the ZnSe was
grown by chemical transport using iodine, as a transport agent in the

Brown University Materials Preparation Laboratory.



There were difficulties in the analysis. of the Znée content in the
case of crystalg with low concentration of ZnSe. In addition to ques-
tions about the accuracy of determination (made by emission spectro-
scopy, atomic absorption and X-ray lattice determination), there wefe
observed variations of the content among crystals grown in the same
tube. There was sﬁfficient corroboration, however, to show that samplés
. grown from gallium solution were much lower in ZnSé content than the
original charge--this was down by more than a factor of 10 in some
cases., The difference between charge and crystal compositions for
‘materials grown with iodine transport was much smallér,_being generally
only a factor between 1 and 2. On this ground, emphasis was put on the
vapor transport method to grow crystals, expecially since our objec-

tives were set for higher contents of ZnSe.
B. Growth of GaP and GaP-ZnSe by Chemical Transport

In the techniques of chemical transport, as applied to GaP and
the GaP-ZnSe system, crystals are grown by transport through a tempera-

ture gradient using iodine as the transport agent.

The charge material is prepared by firing the high purity elements,
along with 5 mg. of iodine as a ﬁineralizing agent, in silica tubes
evacuated'to 10“3 torr. After approximately 10 days of reaction at
1000°C, the tubes are cooled, opened, and the compound boiled with 20%
HC1l to remove any unreacted elements. The.compounds are then carefully

washed with distilled water and vacuum dried.



A one gram charge of the desired composition is placed in the filling
apparatus, which is evacuated to 5 x lO_5 torr. The iodine is intro-
duced, and the transport tube sealed off. An iodine concentration of
8 mg/cm3 is used. The tube is placed in the transport furnace, and
back transported for 24 hours to remove any charge powder from the walls
of the tube, where growth is to take place. ihe temperature of the
furnace is then raised to 1000°C and after equilibrium has been reached,

a temperature gradient of 25°C is created in the growth zone by cooling

the zone at an average rate of 1°C/hr.

Crystals of the system GaP-ZnSe with concentration of up to 16%
(wt.) ZnSe have been grown with -this technique. Crystalé as large as
2 x 2 x 3mm were grown, Détermiﬁation of the concentration of the
ZnSe was done from X-ray diffractioﬁ measurement of the lattice con-
stant, and the application of Vegard's law for crystals of higher than
5% ZnSe content. X-ray analysis also enabled a test of the homogeneity

and phase of the material.



III. Electronic Transport Properties

There have been several reports of measurements of properties of
(III-V)-(II-1V) alloys:.one7 of the alloy (GaP) 95(ZnSe) 05 another "
of InAs-rich alloys in the InAs-ZnSe system, and a thirdll of alloys in

the InAs-rich end of the InAs-CdTe system.

An interesting feature of the (III-V)-(II-VI) alloy system is the
fact that the compounds are not expected to fit into each other's lattice
bonding arrangement without charge compensation taking place. The Zn and
Se atoms are known acceptors and donors, respectively, in pure GaP, but |
the Zn and ée can be substitutional acceptor and donor or they might be
donor-acceptor pairs (locally coﬁpensated) in the GaP-rich GaP-ZnSe
alloys system. The locall} compensated donbr-acceptor pairs should

scatter electrons differently than do random donors and acceptors.

Another feature of intereét ié related to impurity banding effecfs.
If there are impurities not associated with the dipolar pairs. those
impurities could act as donors.and acceptors. If the Zn and Se atoms acted
as impurities in the GaP-rich GaP-ZnSe alloys, for 1% of ZnSe there would
be 2,47 x 1020 atoms/cm3 of Se or Zn. The ratio of the average donor
distance ry [;(B/MwND)l/aj - to the effective radius of ; hydrogenic
donor a [=(m°e/m*)aH] is less than 1 . ND is the donor concentration,
€ the dielectric constant, m* .the effective mass and ay the hydrogen
atom Bohr radius (0.53 2) Consequently impurity banding would be

expected.

Mostly, rectangular samples were made from the crystals grown and
polished down to flat dimensions. A typical size was 1.5 x 0.6 x 0.01 mm.

Ohmic contacts were made by alloying In-Ga (0.5%) dots (of 0.1 ~ 0.2 mm



diamgter) at the edges of samples under a h;dpogen atmoéphgre, in the
temperature range 400 n 500°C for 5 & 10 ﬁinutes. .Contacts to the dots
was made by ultrésonic bénding with 1 mil Au wire. For Hall coefficient
measurements an ac method was employed with a 6000 gauss magnetic field,
where the appropriate bucking circuit was used with é Princeton Applied
Research lock-in amplifier (HR-8). The Hall coéfficient R, was found
to be independent of‘magnetic field up to 6000 gauss. Resistivity
measurements were made dc, with a Leeds and Northrup K-3 potentiometer.
The measurements were made in the temperature range 8 ~ 360°K and the
Hall coefficient and the sign of the Seebeck coefficient verified that
the matérials were n-type even though most samples were not intentionally
doped. Table I gives information on the material from which measured

crystals were taken. - -

A. Resistivity and Hall Coefficient

Fig. 1 summarizes the resistivity measurements of several samples
of the alloy crystals available and Figs. 2-6 show the resistivity of
different samples, together with their Hall coefficients. As suggested
by Fritzsche12 the temperature dependence of the resistivity p may be

represented by
p = clexp(ei/kT) + c2exp(eé/kT) + csexp(éalkT) (1)

where El ) 82 , and 93

required to activate electrons into the conduction band is given by €

represent activation energies. The energy

1

and is related to the thermal ionization energy ED . In the range where

P is observed, conduction occurs through electron hopping from occupied

3
. . . 13,14
to unoccupied donors with the aid of phenons™ 7 .
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From the curves of the resistivity vs. the inverse of temperature

two kinds of activation energies € and €, may be usually inferred.

Table -II lists values of €y for various samples; the range of change of

p or n was too small to yield reliable values for € although

re

estimates in the range 26-30 meV could be made. We see that €y ° 4 meV .
In all the samples measured (see Figs. 3-6), a broad maximum in the Hall
coefficient, the existence of which is well known as the harbinger of
impurity conductionls, is observed in the temperature range where the
transition between the two kinds of activation energies occurs in the

p(T) curves.

The activation energy €5 s related to possible hoppiﬁg conduction,
ié observed below temperafures of 30 ~ 25°K , whefe the Hall coefficient
measurements could not be made. The other activation energy € is
observed above the temperature 130 ~ 150°K even though the range of
change-of p 1is small. N should be related to the impurity ionization
energy and should decrease with increase.of impurity concentration,
although the concentration dependence is not well understood. Our

measurements p(T) indicate that €. probably does not decrease with

1l
increasing content of ZnSe (up to 5%) in the alloys. We know the
variation of optical band gap2 with alloy composition at room temperature

in this system, but the detailed difference of band structure between

pure GaP and the alloys is not known.

The n-type "doping" could be due to other unknown impurities, or
to excess Se (non-stoichiometry of the alloy). The values of €, may
not be decreasing with alloy content because of the relatively large

density, which varies from sample to sample, which may represent a

saturation level of doping of Se. However, the values of €, are too



uncertain to draw conclusions (by comparing with the density n , for

example) on this question.

The Hall coefficient RH increases with decreasing temperature for
temperatures higher than 130 ~ 150°K and has the broad maximum which
indicates a transition to hopping conduction. If the Hall-to-drift mobility
ratio is assumed as unity, the electron éoncentrations.were in the range

3x 1007 &5 x 1018 em P at the temperatures measured.

B. Mobility

Fig. 7 summarizes the Hall mobility RH/p as a function of tempera-
ture. As our measurements on GaP show, typical values of the electron

mobility at room temperaturels_l7'in relatively pure GaP in which the carrier

concentration is about 1017 cm.3 are 160 ~.2OO ch/Vsec and the mobility
showé a T’3/2dependence in the temperature range above 100°K. This
temperature dependence was analysed in terms of optical phonon scattering,
the combination pf optical and acoustical phonon scattering, or the

combination of the acoustic phonon and intervalley scattering. Impurity

scattering due to an (unknown) density of impurities is also present.

In the alloy system, hovever, the mobility is a monotonically
increasing function of temperature qver.the temperature ranges of 50 -
360°K, even though the mobiiity of samples of low ZnSe content appears
limited by phonon scattering at high temperatures. As the content of
ZnSe is increased the mobility is reduced down to 7 cm2/V - sec in

the alloy (GaP) (ZnSe) at room temperature. This behavior of the

0.95 0.05
mobility immediately shows evidence of the dominance of ionized impurity

scatteringls’lg. Even though the validity of the Born approximation may



not be good at low temperature with high concentration of carriers a

calculation of the ionized impurity scattering has been carried out with
the measured electron density. In the calculation we'have assumed that
electrons in the alloys have almost the same properties as those in pure

GaP with the following parameters: dielectric constant ¢ = 9.09

and g = ll.l20 at 300°K . and an electron effective mass
m = 0.37 mgl . The electron screening was treated by Dinglelg.
- _
wp=28 L r°e“J Ko e (2)
TS p" Byt 1 g fin(ueax) - 825 31 + 7%)2
1+Ax )
e2(2m ) 2k 1) %/?
o B
where L
e NI A
C g *( 2
_E B, OgT)
¥Exr » "FixT o0 BETEOw
e h’n -
and . n =n+ (n+ NA)(l - (n+NA)/ND)

Integration over the electron energy distribution was done by computer

for the appropriate Fermi distribution. The calculated ionized impurity

3/2

scattering gives a temperature dependence weaker than T (see Fig. 8).
The decreased temperature dependence observed at higher temperature could
be interpreted as the result of a combination of impurity, phonon and

‘dipole scattering. This will be discussed later.

The stronger dependence of mobility on temperature at temperatures
below 130°K, down to 50°K, can be considered.as the result of the
possible beginning of hopping conduction between localized states in
the impurity band. In the temperature range of 150-~40°K the transition

between two activation energies appears in the resistivity, and the broad
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maximum of the Hall coefficient appears. This fact explains the sharp
decrease of mobility due to hopping conduction, which could not be fitted

with the ionized scattering.

Figs. 9 and 10 present the mobility vs, the i?verée of temperature.
The fact that the mobility can be expressed as an exponential with an
activation energy below temperatures of.130—150°K also indicates that
an (impurity) hépping mechanism is.involved in this region. Table II

shows the mobility activation energy calculated.

A calculation of the combined impurity, acoustic phonon and dipole
scattering was made to explain the decreased temperature dependence of

the mobility at high temperatures. The mobility can be expressed as

<> )
_ e<t (2)

where

T, T and T; are the relaxation times due to lattice, ionized

a I d
impurity, and dipole scattering, respectively. Ta22 s TI;S- and Td23’2u
are defined as follows;
L 2
T_ = T Py x"l/2 (4)
- % t]
a 21/2E2m 3/2(k T)3/2
1 B
3/2
. .0X )
S S O 7€) >
where F(x) = ln(1+Ax) - —X
1+AX ?
BegﬁQ(kBT)l/2xl/2 N
9% 9755w we T GR) ®)
2 Remn N v A
d
2 + #/r2 r2 X
where G(x) = Y—T—— - 2= 1In (1+=) .
2 x 2

1 + %/ T
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2

n”ﬁze2
n
r’ s~ =

5
2m ekB

p is the density of the solid, u, is the velocity of longitudinal

sound waves, and E. is the deformation potential averaged over direction

l
-in k-space. The density of GaP (4.13 g/cma) was used for the alloys.
u, :'Ls25 6.15 x lO5 cm/sec for GaP. The dipole scattering law is

employed with the assumption that the distance R between atoms in the
dipole pair is the nearest neighbor distance in the GaP lattice

(R = 2.3601 R).

Integration over the electron energy was done in the same way as
for the calculation of ionized impurity scattering. The value of the

deformation potential constant E. in the acoustic scattering is an

1

open gquestion for GaP. This value is fitted to the experimental

mobility curve with a certain number of ionized impurities and dipole
density, assuming that the sample is a Q.S% ZnSe alloy. This gives a
deformation potential constant El of 27 eV. As we see from Fig, 8
the value gave a good fit to the measured mobility curve of one of the
GaP samples for temperatures above 130°K. Figt 8 shows the mobility

due to acoustical phonon, dipole, ionized impurity scattering, respectively,

and also the combined mobility including the above mechanisms.

It is evident that the.dipole scattering doesn't contribute to the
mobility for the samples of low ZnSe content. But it is expected that
the dipole density increases as the concentration of ZnSe goes up and
the dipolar pairs contfibute rather weakly to the scattering. Measurements
on high content ZnSe samples are needed to evaluate the contribution of

the dipole scattering to the mobility. Also it is noted that the alloy
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scattering, important26 in the alloy system Ge-Si, and not in GaAsl_xPx
and most other III-V compound alloys, was not observed in the composition
range of our alloy system measured. Because of the strong impurity

scattering, and low carrier mobilities, it is not expected to be

important in this system.
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IV. Cathodoluminescent Properties

It is desirable to know what kind of recombination centers are
present in the alloy system before junction devices are made from these
materials. Since the change from indirect to direct band gap in the
' GaP-ZnSe system is believed? to occur at a composition of around 25%
ZnSe, all observed recombination at lo&er composition is believed to
be related to impurities and imperfections. . GaP exhibits a number of
below band-gap radiation transitions, i.e., acceptor-pair recombination,28
exciton recombination at isoelectric impurities,29 exciton recombination

30,31

at nearest-neighbor donor-acceptor complex, free-to-bound carrier

32-34

radiative recombinations, and internal radiative transition at

impurity centers.35

Some photo- and cathodoluminescent investigations were made on
(III-V)-(II-VI) alloys: some alloys of the GaP-ZnSe system,2’3 alloys
of GaP—ZnSe,5 in which the dependence on compbsition of the maximum
in emission was found to be similar to fhat of the band-gap variation,

and some alloys of the ZnSe-AlP36 system.

As we know from the electronic transport broperties of the alloys
of GaP-ZnSe system, impurity banding is present. It is therefore antici-
pated that banding effects influence the radiative recombination prop-
erties. The intensity reduction of S-C donor-acceptor pair luminescence
and of Bi-bound-exciton luminescence due to the excess concentration
of neutral sulfur in GaP was explained with an impurity banding Auger
model by Tsang, et al.37 The concentration quenching of the lumi-

nescence from Zn-0 complexes with increased Zn content in GaP is also
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38,39 An absorption experimentuo showed that strong doping

known.
caused the "C" line due to Te to disappear in the absorption spectrum
of a sample of GaP doped with Te to n = 9 x lO18 cﬁ-l. Recently
Sinha and cIiDomenicou'l explained that the concentration quenching of

bound exciton luminescence, especially for the Zn-0 bound exciton in GaP,

was caused by majority carrier screening and Auger mechanism,

For cathodoluminescence studies a thoriatea tungsten T.V., electron
gun under 10'5 torr vacuum was used with Bausch and Lomb #33-86 mono-
chromators. A liquid nitrogen—codhd PbS cell was the detector with the
proper chopping system. The power used was 1~ 20 wA at 15-20 kV.

The measurements were usually made at liquid nitrogen temperature.

Table III and Fig. 11 summarize the cathodoluminescent properties

at 77°K for the samples of GaP and the alloys up to 8% ZnSe.
A, "Si-doped" Samples

Sémples 615G~-4, 625GZ-10, and SG61-2 show peaks in luminescence
at l.95eV,.l.92eV, and 1.91eV. All these samples were grown from gallium

solution. Other studiesuZ’Q3

on Si-dopéd samples yield lines at this
(GaP) energy; and so would indicate that our samples are Joped uninten-
“tionally with Si. Even though the electronic transport measurements on
one sample of the same lots were made, it was difficult to decide from
‘them what material acts as the n-type dopant. Therefore, the 1,95eV
peak may be due to Si-Si or Si-S (because the starting material does

not contain Se and Te as residual impurities). The other peaks at

1.92eV and 1.91eV can be considered a Si~S8i, Si-S, or Si-Se. The energy
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shift to lower energy with the increase of ZnSe content could be due to
the broadening of the impurity band. Then, the recombination could be

from the bottom of a Se impurity band,
B. Iodine Transported Samples

Samples 31270-100, 92§CT-6, and B430CT-1 were grown by vapor
transport with iodine. Sample 31270-100 (GaP) has two peaks at the
energies of 1,62eV and 1.0leV. Bhargav&“obéerved luminescent peaks of
- 1.73eV and 1.69eV at 77°K which were tentatively attributed to deep
donor (like Cl, I) and shallow acceptor pair recombinations, but the
peaks were rapidly quenched above 100°K, ‘A 1.69eV emission peak was
found in the electroluminescent spectra of GaP doped with ’I‘e'45 and
Te,Si.46 Those were analyzed as due to Te and red phorphorus micro-
occlusionsu6 independent of the dopant. Our 1.62eV peak at liquid .

nitrogen temperature shifts to lower energies with increase of temperature

and is seen even at room temperature.
C. Quenching of Pair Recombination Due to Zn and Se

Sample SG77-5 doped with sulfur shows emission at an energy of 2.lueV,
This emission may be considered as sulfur-cadmium donor-acceptor pair
recombina’cion.?8 Sulfur and cadmium are deeper donors and acceptors than
are Zn and Se. We do have Se and Zn iﬁ the allecys, but the pair recom-
bination involving Zn and Se is not observed in the alloys. Even though
the red luminescence due to Zn-O is present (but weak) in the spectrum
of the alloy diodes (doped with Zn to make the p-type region; see next
section), the radiative recombination due to the Zn-0 complex is not

observed in cathodoluminescence.
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As we see from the Si-associated emission of the alloy samples,
donors are possibly forming an impdrity band but acceptors (Si) are
not forming an impurity band. The electron level in the Zn-0 exciton
is deep; hoﬁever, the hole level is in a zinc impurity band. But Se and
Zn respectively could form.impurity bands. These impurity bands could

be responsible for the quenching of pair luminescence involving Zn and Se.
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V. Electroluminescence

Considerable effort has been made to increase the efficiency of
visible light emitting diodes. Recently external quantum efficiencies
up to 7.2 x 10_2 and 6 x lO-3 have been reported for red-emitting
GaP:Zn-Ou7 diodes and green electroluminescence in GaP:N.‘+8 for
(III-V)-(II-VI) alloys rooﬁ temperatufe visible light-emitting junction
diodesmaere reported to have been made by formiﬂg a p-type doped mixed
alloy of II-VI with '"small" percentage III-V (GaP) material on an

n-type II-VI substrate. The n—tyﬁe substrate was either a zinc sulfo-

selenide mixed crystal or zinc sulfide.

L]

We have prepared junction devices from the samples listed in
Table I, The samples were lapped down to f;atidimensions and polished
with 0.3p alumina powder. The samples were briefly etched in a hot
solution of HC1:HNO, (1:1) and sealed under a vacuum of & 1072 torr in
cleanéd 5 x 7mm quartz tube. The volume was about 0.7 cm3. 'The samples
were in a micro-container made of quartz inside the tube. The tube con-
tained a diffusion source,so which was a pulverized mixture of 75% GaP
and 25% Zn (by wt.). A source of 4.5 mg was used in each run. The dif-
fusion temperature ranged from 906°C to 920°C, depending uvpon the com-
position of the alloys. The temperature of the sample was kept a few
degrees hotter than that of the source. The diffusion time was from
.30 min to 2 hrs. The samples were annealed 3-4 hrs éo increase the
concentration of the Zn-0 exciton complexSl'responsible for the red
light. After annealing, the samples were relapped to remove the diffused

layer. - Ohmic contacts were made by alloying for 5 v 8 min at
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400 ~ 500°C in a hydrogen atmosphere. An In dot was used for the
n-side andan In-Zn (5%) dot for the p-side. The diode thus fabricated
was etched for a few seconds to reduce surface leakagé and then mounted
on a TO-5 header with the n-side down. Contact to the p-side dot was
made by ultrasonic bonding with 1 mil Au wire. The diameter of the dot

on the p-side was less than O, 2mm.

The spectral distribution of the electroluﬁinescence of these diodes
was obtained using pulsed currents and an S-1 response photomultiplier
tube cooled with dry ice. The monochromator was a Heath EU-700 instru-
ment (£/6.8). A Princeton Applied Research 124 amplifier was used in
the synchronous detection. Measurements were made for teﬁperatures in
fhe range 77 v 300°K. Tﬁe pulsed current was usﬁally run at 1 kHz, with

a pulse width of 50usec.
A. Spectra from GaP Diodes

1. Spectra from solution-grown GaP -(#615@—2-1)

The emission spectra of this diode are shown in Fig. 12 for various
temperatures in the range 77-300°K. The I-V characteristic is shown in
Fig. 13. Tﬂe starting material appears to have contained Si, S, 0, and
N as residual impurities. The carrier concentration of one sample of
* the same lot was 1.1 x 1017 c:m-3 at room temperature and the resistivity
.was 0.57Q2-cm. The 1.95eV emission which was observed in the cathodo-
luminescent spectrum also appears in the electroluminescent spectrum at

2,43 __

IS

s s . . s s . 4
liquid nitrogen temperature. This emission can be interpreted
the pair recombination radiation between Si-Si (or Si-S), as we did

for cathodoluminescent spectrum. This recombination is dominant at low
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temperatures 77-186°K. With increasing temperature the red peak due to
the Zn-0 exciton recombination appears, along with the quenching of the

Si emission.

‘The A line is known as the decay of an exciton bound to nitrogen
isoelectronically substituted for a phosphorous atom. The emission line
32 meV below the enérg? gap is identified as the phonon replica of the
A line (A-TA). The temperature dependence of the forbidden energy gap
in pure GaP is known?z’53 The (A-TA) emission decreases with decreasing
temperature. Beside these recombination linés, emission at energy 2.2eV
is obseérved in both forward and reverse bias (Fig. 16) emission. Accord-

ing to the following equation

- hv = (EA+BD) - (7)

(EA+ED) is 134 meV. This emission may be considered as due to Zn-Si

or Zn-S. Bound—to—free recombination was not observed.

2. Spectrarfrom the vapor grown GaP (#31270-11)

This crystal was grown by chemical transport with iodine. The
carrier concentration and resistivity of another sample of the lot was
measured as 1.7 x 1017 cm-3 and 0.3Q-cm at room temperature. The for-
ward bias emission spectra from this diode are shown in Fig. 14 for
temperatures 77 ~ 300°K, I-V curves are presentgd in Fig. 15. The
radiation due to Zn-0 exciton appears as observed by others?u The
Si-related emission does not appear, whichlmeans that the samples grown
with iodine transport techniques are not contaminated with Si. The

phonon replica of the A 1line is observed, as in the solution grown

sample. The energies of these emission lines are 32 meV below the
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energy gap. This emission is therefore identified as (A-TA) emission.
Nitrogen must therefore be present in these GaP crystals as an uninten-

tionally added impurity.

Emission due to donor-valence-band transitions is observed at
lower temperatures; at room temperature this emission is not seen
because of the thermally broadened (A-TA) emission. Using the well
known relation'

-hv = E_ - kT (8)

Eg D

ED is obtained as 93 meV. Since the ionization energy of the Te donor
is 89.5 meV,55 the n-type dopant of the sémple may be identified as

Te, unintenfionally added.

The pair band involving Zn and Te predominates at liquid nitrogen
temperatures. This emission vanishes above 144°K. According to Eq. (7),
(EA+BD) is calculated as 157 meV, ﬁith the ionization energy of
Zn(= 64 meV) Eq. (7) gives a donor ionization energy Ey of 93 meV,.

The high energy transition involves the fadiative capture of free holes
to Te donors, and the (A-TA) line at high temperatures. The green
luminescence properties of the GaP diodes (both solution grown and vapor

grown) are generally similar to those reported elsewhere.32’33’56

The cathodoluminescent spectrum of one sample of lot 31270 showed
an emission band at 1.62eV at 77°K, which might be related to iodine.
Forward bias emission does not show recombination at that energy, but
the reverse bias emission at liquid nitrogen temperature shows a band
at 1.62eV together with the recombination band due to the Zn-0 exciton

complex (See Fig. 16).
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B. Spectra From the Alloy Diodes

1. Alloy diodes of < 0.5% ZnSe (#625GZ-8-1,4#625GZ-§-A-2)

The forward and reverse biased emission from the alloy diodes is
shown in Figs. 17, 18 and 20 for temperatures between 77°K and .300°K.
The I-V characteristics of one of these appears in Fig. 19. As we see
from Figs. 17(a) and 17(b) two different spectra were observed from the
same sample; 17(a) immediately after fabrication, and 17(b) two weeks
later. The spectra of Fig. 17(b) do not show the recombination due to

the Zn-0 complex; the peak at 1.56 eV is at lowern energy than
the Zn-0 peak in 17(a), which is at ~1.8 eV . Even though
these samples were grown from gallium solution, the ZnSe material con-
tained in the allcys was grown by vapof transport with iodine. It is
not clear whether the emission band is related to iodine or to an un-

known impurity.

Si-related pair recombination, whicﬁ was observed in the cathodo-
luminescence spectrum, is also observed at 77°K and 153°K (Figs. 17 and
18). This emission predominates at low temperatures, The spectra from
another diode (#625GZ-u4-A-2) in Fig. 20 shows the Si emission at liquid
nitrogen temperature with another emission band at lower energy. Fig. 20(a)
indicates that there are two dominant radiations at 16u4°K, probably the
emission due to the Zn-0 complex and the unknown recombination center.
The radiation of the Zn-0 complex is sometimés observed, but sometimes

not.
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2. Alloy diodes of ~ 1% ZnSe (#927CT-4)
Fig. 21 shows the forward agd reverse bias emission spectra for
temperatures of 77-300°K. The emission due to Zn-O appears in both
forward and reverse bias emission at liquid nitrogen temperature. With
the increase of temperature the energy peak has shifted to lower energy
(& 1.65eV at 300°K). The reverse bias emission shows the emission band
at energy v 1l.64eV together with the radiation due to Zn-O. This may
be considered as the same radiation observed in the GaP diode (#31270-11)
~and the cathodoluminescent spectrum of GaP. The emission (at 1.u4eV) which

appeared in the cathodoluminescence spectrum of this alloy, does not

appear in the electroluminescent spectra.

3. Alloy diode of ~ 5% ZnSe (#SG61-1)
Fig. 22 shows forward and reverse bias emission at room temperature.
The forward bias emission does not have any peak for energies greater

than 1.3eV. The I-V characteristic is given in Fig. 23.

As we see from the alloy diodes a étriking difference between the
GaP diodes and the alloy diodes is the fact that the lumineséence near
the band-gap present in the GaP diodes does not appear in the alloy
diodes. This quenching of the near band-gap luminescence may be due to
impurity banding Auger mechanism,?5 the effect of screening of ionized
impurities, an unknown nonfadiative process, or combinations of these
processes. This near band gap luminescence includes the donor-acceptor
recombination, the bound-to-valence band recombination, and the decay of
excitonsbound to nitr§gen atoms. The external quantum efficiency was

not measured. But the efficiency of the. alloy diodes is reduced by a°



- 23 -

factor of 100 ~ 500 compared to that of the GaP diodes. With the increase
of content of ZnSe the efficiency becomes lower. The crystal quality of

the alloy diodes is also poorer, and the background doping is much higher.
C. Reverse Bias Emission

Sinée Newman57.firSt reported breakdown radiation in Si junctions,
-breakdown radiation has also been reported for Ge, éaAs, SiC, and GaP.
p-n junctions can be separated into two classes, those in which break-
down is by the avalanche‘mechanism and those in which breakdown is by
Zener field emission. For GaP the avalanche breakdowﬁ has been .
reported.sg-eo The phenomenon can be interpreted as an impact ionization
process which often takes place locally at imperfections. The-field
inhomogeneity caused by imperfections produces small spots of luminescence.
Usually the avalanche breakdown is associated with a photon emission

where the spectrum is usually broad. Baraff's theorysl gives about

l.SEg(=3.4er for the ionization energy of hot carriers in GaP.

The reverse bias emission of the GaP and alloy diodes was obtained
for various temperatures 77-300°K. The microscopic investigation of the
light emission associated with the avalanche breakdown shows the well
khoWn appearénce of one or several light spots and the sample boundary
light emisgion as a line. With increase of current the light intensity
grows. Those are probably associated with gallium precipitates or dis-
locations. The breakdown voltages of the solution grown samples ranged
from 8 ~ 12 volts. The vapor grown samples do not show any apparant
breakdown.' This may be explained by the fact that the vapor grown samples

were relatively free from crystal imperfections like the gallium
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precipitates seen in the solution grown samples. The observations from
the GaP and alloy diodes emission spectra may be divided into three
groups: l).The spectra are broad, show a maximum near 1.8 ~ 2,leV,
and do not show structure, 2) The spectra have some structure observed
in the forward bias emission spectra, and 3) The spectra have both

characteristics mentioned above.

1. Spectra with structure

This kind of spectrum is observed for the GaP and the alloy diodes.
Figs. 16(a) and 16(b) show the emission of diode #615G-2-1 (GaP) with
different bias at room temperature. The observation of Fig. 16(b)
shows that the emission is almost identical with the forward bias
emission; (A-TA) emission appearé and the red emission possibly due to
Zn-0 is present even though the red peak has shifted to high energy )
compared to the forward bias emission due to Zn-0. This indicates the
bias dependent spectrum. The emission at liquid nitrogen temperatures
(Fig. 16(c)) has Si associated recombination and Zn related pair recom-

bination. These emissions are almost identical with those at forward

bias.

Another diode (#31270-11) also shows structure at liquid nitrogen
temperatures; Zn-0 complex and the.unknown emissions-(possibly due to

iodine) are superposed on the broad spectrum.

This phenomenon is observed in alloy diodes at liquid nitrogen
temperature; #625GZ-4-A-2 of Fig. 20(c), #625GZ-8-1 of Fig. 18(d), and
#927CT-4 of Fig. 21(d). The shape of these reverse bias emission spectra

is almost the same as that of forward bias emission spectra. The
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structures in the spectra include Si associated emissién,_Zn-O recom-
bination, and the unknown emission, all of which were explained earlier
for the forward bias emission. The only difference is the fact that the
reverse bias emission has a long high energy tail beyond about 2.2eV.
The alloy diodes show structure only at nitrogen teﬁperature. Their

spectra are all broad. -

2. Broad spectra

The reverse bias broad emission spectra are presented in Figs. 16(a),
16(d), 20(d), and 18. There is no apparent difference between the GaP
.and alloys. The spectra have a broad maximum between 1.8 ™ 2.0eV. The
intensity drop after the maximum is present iﬁ all observed diodes. The
drop about 2.2eV is éharper for the GaP diodes than the alloy diodes.
This broader maximum and slow drop in the alloy samples may be due to
the presence of the impurity band and tailing. Finally, above about
2.55eV the specfrum is gone. The tail of alloy diodes goes to higher
energy valuas.than the GaP (See Fig. 24)., If this is due to eventual
..+ I, absorption this might indicate somewhat different band

15 1

parameters in the alloys.

The change of the emission spectra-of the alloy diode (#625GZ-8-1)
witﬁ temperature 1is shown in Fig. 20. There is no broad emission at
nitrogen temperature. With the increase of temﬁerature we observe the
broad spectra, which show typical avalanche breakdown emission. The
spectra are almost iﬁdependent of temperatﬁre, which indicate that the

broad emission is associated with free electrons.
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The reverse bias emission can be classified clearly with the above
explained information: 1) the broad emission related to the avalanche
plasma and so to an electron temperature rather than to the lattice
temperature; 2) the emission associated with recombination centers,

which is related to lattice temperature.

There are two different types of e#planations of the avalanche
breakdown emission. Wolff62 has éxplained the shape of the spectrum
by assuming a combination of inter- and intraband transitions of hot
carriers. This theory naturally gives a structure to the broad spectra.
Figielski and Torun63 prop§sed a bremsstrahlung theory. The radiation
is from the bremsstrahlung of hot carriers in the Coulomb field of
charged impurities. They assumed that the electron gas is Maxwellian,

The spectrum of radiation is given by

I(hv) = exp[- EE¥—} (9)
, B e
where T, is the electron gas temperature. Shewchun and WeiGq improved

the theory with a suitable high field electron distribution function.

Wolff's model cannot - describe the spectra from our samples because
the spectra due to the avalanche breakdown are broad without structure.
Fig. 24 shows the curves of logI(hv) vs hv for the GaP and alloy diodes
at 300°K., At energies abo%e 2.2eV the GaP diodes give good straight
lines. The curves of the alloy diodes gradually bend cver and show
much shorter straight parts, compared to the GaP diode. Bremsstrahlung

theory cannot explain the whole spectrum, but it is only good in the

high energy range.
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VI. Summary and Conclusion

GaP and (GaP)x(ZnSe)l_X alloy crystals were grown by the solution
methéd from gallium melt and the vapor transport technique using iodine
as fransport agent. Alloy composition attai;ed during the grant period
were up to 8% ZnSe in GaP.  All crystals were n-type, even tﬁough most

of the crystals were not doped intentionally.

The study of electronic transport measurements in the temperatures
of 8 ~ 360°K showed that the scattering in the alloys is quite different
from that in GaP. The mobility is a monotonically increésing function
of teTperatufe at the temperatures observed. The ionized impurity
scattering is dominant for temperatures above 150°K. The mobility can
be explained as a combination of ionizgd impurity and acoustic phonon
scaﬁtering. The mobility decreases strongly below 150°K, probably due to
the presence of a hopping mechanism in an impurity band. The mobility
decreéses with increase of ZnSe content; the mobility of a 5% ZnSe
alloy is 7 cm2/V-sec at room temperature. Dipole scattering necessarily
present in this alloy system is found to give a negligible contribution
to scattering, up to the 5% level. The Hall coefficient shows the broad
méximum in the transition region éf the p(T) curves, which indicates
Ahopping conduction. The activation energy €4 related to the hopping

mechanism is observed to be about 4 meV for temperatures below about 50°K.

Cathodoluminescent studies reveal unknown deep radiation centers
in the GaP and the alloys. Donor-acceptor pair recombination between
Zn and Se is not observed in the alloys. This indicates that the

impurities influence the radiative recombination in the alloys.
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A striking difference in the emission spectra between the Zn
diffused GaP and the Zn-diffused alloy diodes is the fact that the
near band gap emission present in GaP doesn't appear in the alloy diodes
in the teﬁperature range 77 A 300°K. The near band gap emission includes
the donor-acceptor pair recpmbination, the exciton emission‘bound to
niérogen atoms, and donor-valence band radiation recombination. At
liquid nitrogen temperature, Si-related (as acceptor) donor-acceptor
recombination for the solution grown samplesland the Zn-0 complex
‘excitonic recombination for the vapor grown samples predominate in the
alloy diodes. These emissions are quenched with increasing temperature.
A new emission band related to an unknown impurity appears at room

temperature. The alloy diode of 5% ZnSe doesn't show any emission peak

for photon energies greater than 1.3 eV at room temperature.

The new emission band at the energy of 1.62 eV observed in the
cathodoluminescence spectrum of the vapor grown GaP sample at liquid
nitrogen temperature also appears in the reverse bias emission of the

vapor grown GaP and alloy diodes. This could be due to iodine.

The reverse bias emission from the alloy diodes shows the broad
spectra associated with avalanche breakdown except at liquid nitrogen
temperature. The shape of the reverse bias spectra is almost the same
as that at forward bias. The broad emission of alloy diodes is almost
the same as that of the GaP diodes, but the alloy diodes have higher
energy tails than the GaP diodes. This may be attributed to different
band parameters. Further basic study of the near band-edge optical

properties should elucidate the band structure in the alloys.
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Figure Captions

Resistivity p vs the inverse of temperature 103/T of the

alloys.

Resistivity 6‘ vs the inverse of temperature 103/T of the

samples of lot 625GZ and SG77.

Resistivity .p and Hall coefficient RH' vs the inverse of

temperature 103/T of the samples of lot 625GZ and SG77.

Resistivity p and Hall coefficient RH vs the inverse of

temperature 103/T of the samples of lot 1110SG.

Resistivity p and Hall coefficient RH vs the inverse of

temperature 103/T of sample #927CT-7.

Resistivity p and Hall coefficieht Ry vs the inverse of

temperature lOa/T of sample #5G61-2.

Hall mobility My Vs temperature T of the alloys and GaP.

Comparison of the calculated ionized impurity scattering and

dipole scattering with theexperimental Hall mobility of sample

#625G2-1. The dipole density 7.1 x 10 en™® and 9.7 x 107 %n3

are the numbers for 0.4 and 0.5% ZnSe,with the calculated
139 -3

ionized impurity density NI»= 5.4 x 107 em ",

Hall mobility uy Vs the inverse of temperature of the alloys.

Hall mobility wy vs the inverse of temperature of the

samples of lot 625GZ and SG77.

Cathodoluminescent spectra of the GaP and alloys at liquid
nitrogen temperature.

The forward bias emission of the solution grown GaP diode

(#615G-2-1).



Fig. 13
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The I-V characteristics of the GaP diode (#615G-2-1) at
300°K and 77°K.

The forward bias emission of the vapor. transport GaP diode
(#31270-11).

The I-V characteristics of the GaP diode (#31270-11) at
300°K and 77°K. °

The reverse bias emission of the GaP diodes(#615G-2-1 and
#31270-11). Fig. (a) and (b) show the different spectra
from the same diode at room temperature. The difference of
spectra comes from the difference of bias appiied. Fig. (b)
is observed with higher bias than Fig. (a).

The forward blas emission of the alloy diode (#625GZ-8-1).
The spectrum of (a) was  observed immediately after the
fabrication, (b) was observed two weéks later.

The reverse bias emission of the alloy diode (#625GZ-8-1).

The I-V characteristics of the allby diodes (#625GZ-8-1) at

300°K and 77°K.

The forwafd and reverse bias emission of the alloy dicde
(#625G2-4-A-2).
Tﬁe forward and reverse bias emission of the alloy diode
(#927CT-4).

.
The forward and réverse bias emission of the alloy diode
(#sG61-1)at room temperature.
The I-V characteristics of the élloy diode (#SG61-1) at
room temperature.

LogI(hv) of the reverse bias emission of the GaP and alloy

diodes vs hv at 300°K.
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Table I

Some properties of GaP and alloys with ZnSe

Number of the
lot of sample

SG:

VT:

ND:

615G

31270

1110SG

625G2

SG77

927CT

SG61

B430CT

Sample
- GaP
GaP

K
0.5% ZnSe

A

A

%
0.5% ZnSe

[ 3
0.5% ZnSe

A

~ 1% ZnSe
~ 5% ZnSe

~ 8% ZnSe

Solution grown

Vapor transport

Not intentionally doped

Method
Growth

SG

VT

SG

SG

SG

VT

SG

vT

Doped

Impurity -

ND
ND
ND
_ ND
S
ND
Cu

ND

Some variation in results of Zn analysis for

several samples

Type
n

n
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Table II

Activation energies in resistivity and mobility

Number Sample Resistivity Mobility

of lot Numbgr "sa(mév) EA(meV) g

625GZ 625GZ-1 k.2 15 27
625GZ-2 k.2 15 27

SG77 SG77-1 -— ' 15 26
S5G77-2 4.1 15 26
$G77-3 4.y 15 27

1110SG 11108G-1 L,2 16 39
11108G-2 u.é : 16 36

927CT 827CT-7 4.3 13 32

sG61 SG61-2 -—- 23 60
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Table III

Cathodoluminescent Measurements for the GaP and Alloys at Liquid Nitrogen Temperature

Sample Number

615G-4

31270~100

625GZ-10
SG77-5
927CT~-6
SG61-2

B4 30CT-1

Sample Doped Impurity 1st Peak | Half width 2nd Peak
GaP N.D. 6350 R 1.95 eV 725 & 12300 } 1.01 eV
GaP N.D. 7650 R 1.62 eV 1300 & 11300 & 1.10 eV
<0.5% ZnSe N.D. su50 & 1.92 eV 800 & 14300 R 0.87 eV
<0.5% ZnSe s 5800 & 2.14 eV 1100 8§
n1% ZnSe N.D. 8600 & 1.44 eV 2550 &
~5% ZnSe Cu 6500 & 1.91 eV 1200 R
2 0.80 eV

8% ZnSe N.D. 15600
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HALL COEFFICIENT RH (cm®/C)
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